The local cerebral glucose utilization was measured in the hippocampal formation 3, 21, and 90 days after bilateral lesions of the medial septal nucleus and the nucleus of the diagonal band of Broca by multiple ibotenic acid injections. The CMRgl c was determined in hippocampal areas and layers and various limbic and vi sual regions by quantitative e4C]2-deoxyglucose autora diography using a computerized image-processing sys tem. Three days after lesion, CMRgl c was significantly decreased in 26 of the 38 structures examined. The most pronounced reductions were found in CA2 and CA3, the subiculum, and the parasubiculum. The CMRglc values of the 21-and 90-day postlesion groups did not differ signif icantly from control data when univariate statistics were used. However, by means of a factor analysis and subse quently a discriminant analysis as a multivariate test for group differences, significant lesion-induced CMRg 1c changes could be detected between the control group, the 3-day group, and the 90-day group. The 21-day group did
not differ significantly from the controls. The data indi cate that 90 days after lesion of the medial septum! diagonal band complex (MSDB), a considerable recovery of the mean CMRgl c was found in the hippocampal region, although a normal level was not reached. In a parallel series, processing of sections for acetylcholinesterase (AChE) histochemistry revealed a severe destruction of AChE-positive fibers in the hippocampus at 3 days after lesion and a conspicuous recovery in the amount of stain able fibers and their staining intensity at 21 days postle sion. In the 90-day group, the AChE fibers recovered even further but did not reach the values of unlesioned sham-operated controls. The present study indicates that sprouting of surviving cholinergic afferents might be an important morphological substrate for CMRglc recovery in the hippocampus after MSDB lesion. Key Words: Au toradiography-2-Deoxyglucose-G1ucose utilization Ibotenic acid-Plasticity-Septohippocampal pathway. Leninth, 1985; Matthews et a!., 1987) . Studies em ploying acetylcholinesterase (AChE) histochemis try or ChAT immunocytochemistry for the identifi cation of septal cholinergic neurons in combination with retrograde tracing have provided evidence that only � 50% of the neurons of the medial septum/ diagonal band complex (MSDB) are cholinergic (Mesulam et a!., 1983; Baisden et a!., 1984; Rye et a!., 1984; Amaral and Kurz, 1985; Wainer et a!., 1985) . ),-Aminobutyric acid (GABA) is another transmitter found in septohippocampal neurons Freund and Antal, 1988) .
Lesions of the medial septal nucleus or fimbria! fornix transections, which interrupted the cholin ergic pathway to the hippocampal formation, im paired learning and memory in the water Morris task, radial maze task, and delayed alternation task (Harrell et aI., 1983 (Harrell et aI., , 1987 Miyamoto et ai., 1987; Hagan et ai., 1988; Kesner et ai., 1988) . Therefore, the septohippocampal system has been suggested to be involved in spatial and working memory.
In the rat, previous investigators have used fim bria/fornix transections or electrolytic lesions of the medial septum and studied metabolic changes in the hippocampal formation by semiquantitative eH]2deoxyglucose ([3H]2DG) autoradiography Davis, 1984, 1985) or quantitative e4C]2DG au toradiography (Kelly et ai., 1985) . A systematic in vestigation of the CMRglc in hippocampal and se lected nonhippocampal regions after MSDB lesion seemed to be necessary for three reasons: (a) By performing MSDB lesions with the excitatory neu rotoxin ibotenic acid, fibers of passage in the MSDB, i.e., the noradrenergic and serotoninergic innervation of the hippocampus formation from the locus ceruleus and the raphe nuclei, respectively, are protected from damage (Schwarcz et ai., 1979; Kohler and Schwarcz, 1983) . (b) Furthermore, fim bria/fornix transections induce retrograde reaction (Alonso and Kohler, 1984) due to axon transection that does not occur after neurotoxic MSDB lesions. (c) When small and circumscribed neurotoxin injec tions for MSDB lesioning were used, some perikarya were always left unaffected. In this way, naturally occurring pathological conditions (e.g., Alzheimer's disease) could be imitated more closely, in which the cholinergic system is also found to be only partially interrupted.
In parallel with studies of glucose use, we moni tored the AChE reaction in the hippocampus since the AChE activity has been described to be a mea sure of the amount of cholinergic deafferentation (Gasser and Dravid, 1987) and possibly an indicator of regeneration (Gage et ai., 1983; Dravid and Van Deusen, 1984; Gage and Bjorklund, 1986) .
Therefore, the aims of the present study were (a) to determine the metabolic activity of the hippo campal formation using the quantitative [1-14C]2DG method (Sokoloff et ai., 1977; McCulloch, 1982; Sokoloff, 1982) 3, 21, and 90 days after ibotenic acid-induced MSDB lesions and (b) to measure AChE activity.
MATERIAL AND METHODS

Animals
Forty-two male Wi star rats (Winkelmann, Borken, Germany) weighing 340-370 g (mean ± SD 357 ± 7.1 g) at the day of surgery (ibotenic acid injection or sham oper ation) were used for this study. The animals were housed under regular laboratory conditions with a natural light/ dark cycle and had free access to food and water. Surgery was performed during the light phase.
J Cereb Blood Flow Metab, Vol. 12, No.6, 1992 Lesions Three days (n = 10),21 days (n = 12), and 90 days (n = 11) prior to the 2DG experiment, the rats were anes thetized with an intramuscular injection of a mixture of 10 mglkg fluanison and 0.2 mg/kg fentanyl (Hypnorm; Jans sen, NeuB, Germany) and positioned in a David Kopf stereotaxic instrument with the incisor bar set 3.3 mm below the interaural line. Injections of ibotenic acid were made into the nucleus of the MS and into the nucleus of the dorsal part of the vertical limb of the diagonal band of Broca (VDBd) and bilaterally into the nucleus of the ven tral part of the vertical limb of the diagonal band (VDBv) and into the nucleus of the horizontal limb of the diagonal band (HDB), for a total of six injections per animal. The three coordinates for each site (anterior to the interaural line, lateral to the midline, and above the interaural line) were as follows (Paxinos and Watson, 1982) : HDB right (8.3; 2.4; 1.2), HDB left (8.3; -2.4; 1.2), VDBv right (9.3; 0.7; 1.3), VDBv left (9.3; -0.7; 1.3), VDBd (9.3; 0; 2.2), and MS (9.3; 0; 3.8). In all cases, a single injection of Hypnorm for neuroleptanalgesia was sufficient for the surgical procedure. Nevertheless, controls were awake 2-3 h after surgery, whereas the lesioned animals awak ened after 5-8 h. This effect is in accordance with former reports (Kohler and Schwarcz, 1983) . The rats lost 7-19% of body weight during the first 3 days but did not dem onstrate any other abnormality of behavior.
Ibotenic acid (Sigma) was dissolved in sterile saline at a concentration of 1 mg/ml and buffered with 1.2 mg NaHC03 (pH 7.4). The injections were made with a 5-1 .. 1.1 syringe fitted with a 30-gauge needle (pst3; Hamilton, Darmstadt, Germany). The tip of the needle was lowered to the selected site and after 2 min 0.6 j.LI of the prepared solution was injected during a period of 3 min. The needle was left in place for a further 10 min and then slowly repositioned for subsequent injections. After completion of the six injections, the skin was sutured and the animal was removed from the stereotaxic frame. Controls (n = 3 for each of the three groups) were treated in the same way, including drilling of the six holes into the skull, but without lowering of the needle into the brain and appli cation of the toxin. [ 
C]2DG autoradiography
On the day of the 2DG experiment, the animals were anesthetized with halothane (1.2 vol%), and polyethylene catheters were inserted into the right femoral artery and vein. A loose-fitting plaster cast was applied around the abdomen and the hindlimbs; the forelimbs and thorax were left unrestrained. The rats were allowed to recover for 2-3 h before the 2DG experiment was initiated. Rectal temperature was measured and the rats were maintained at normothermia by a heating lamp. [14C]2DG injections were performed only with values of physiological vari ables being within normal ranges: temperature 36.8-37 'soC, plasma glucose 100-150 mg/l00 ml, P02 80-95 mm Hg, .
Detailed descriptions of the theory and procedure of the [14C]2DG method have been published (Sokoloff et aI., 1977; Savaki et aI., 1980; Sokoloff, 1982) . In brief, 80 j.LCi/kg of 2-deoxY-D-[l-14C]glucose (spec. act. 59 mCiI mmol; Amersham Buchler, Braunschweig, Germany) dis solved in physiological saline was injected within 20 s via the femoral vein catheter. Sixteen timed arterial samples were taken over the following 45 min. The samples were immediately centrifuged, and the plasma was assayed for radioactivity by liquid scintillation counting and for glu cose by glucose oxidase assay. After 45 min the rats were decapitated, and the brains were rapidly removed, frozen in isopentane at -4SOC, and stored at -70°C until sec tioning.
Coronal sections (20 fLm) were cut at -18°C in a cryo stat, thaw-mounted on coverslips, dried on a hot plate, and exposed to x-ray film (Osray M3; Agfa Gevaert, Le verkusen, Germany) for 2 weeks at room temperature in light-tight x-ray cassettes along with precalibrated [l4C]methylmethacrylate standards (Amersham Buchler). Serial sections adjacent to those that were used for auto radiography were mounted on chrom alum/gelatin-coated slides, fixed in buffered formaldehyde, and stained either for perikarya with cresyl violet (Burck, 1973) or AChE (Geneser-Jensen and Blackstad, 1971) to facilitate archi tectonic identification of the respective areas and laminae of the hippocampal region.
Image analysis of autoradiographs
The autoradiographs were analyzed using a computer ized image-processing device (lBAS 1 + 2; Kontron, Mu nich, Germany). A detailed description concerning the quantitative analysis of autoradiographs with the IBAS system has previously been published (Zilles et al., 1986) . In brief, parts of one hemisphere, including the region of interest, were digitized with a TV camera (spatial resolu tion 14 x 14 fLm; Siemens, Berlin, Germany). Gray values were transformed into CMRglc values, taking into account the gray values of the calibrated standards, the integrated concentration of 1 4C and glucose in the arterial plasma during the experimental period, and the appropriate con stants describing the kinetics of glucose and 2DG in the rat brain (Sokoloff et al., 1977; Sokoloff, 1982) . The op erational equation for varying arterial plasma glucose concentrations (Savaki et al., 1980) was used.
The adjacent Nissl-and AChE-stained sections were superimposed on a black-and-white hard copy of the dig itized image by means of a drawing tube attached to a microscope. This permits the precise delineation of cy toarchitectonically defined regions on the hard copy. The contours drawn on the hard copy (see Fig. 4 ) were then traced with the cursor of a graphic tablet linked to the computer for data retrieval from the stored matrix of the CMRg,c values within the actual brain region or lamina.
Delineation of areas and layers
The different areas and layers of the hippocampal re gion of the rat brain were delineated according to the criteria given by Bayer (1985) and Lorente de No (1934) . The primary visual cortex OCI (ZilIes, 1985) , the ventral and dorsal nucleus of the lateral geniculate body, the su perior colliculus (CS 1 : zonal, superficial gray, and optic layers; CS2: intermediate white and intermediate gray layers; CA3: deep gray and deep white layers), and the medial and lateral habenular nuclei (Paxinos and Watson, 1982) were delineated to acquire information about the MSDB lesion-induced reaction of the CMRglc in nonhip pocampal structures. These observations were made by only one investigator blinded to the treatment of the rat to guarantee the same standard for all animals and were con trolled by an experienced investigator in cytoarchitecton ics (Zilles, 1985) .
Data analysis
The CMRglc data are presented as means ± SD (fLmol glucose/IOO g/min) (Table 1 ). Furthermore, for each struc-ture in the three lesioned groups, the relative differences of the mean glucose utilization were calculated [ Table  1 ; (mean CMRglc lesion-mean CMRglc control) . 1001 mean CMRglc control; %]. As the left CMRglc values of many hippocampal layers and areas turned out to be higher than the right CMRglc values (analyzed with the t test for matched pairs) and the lesion-induced effects were principally the same in both hemispheres, only the results of the left hemisphere are presented in detail. Moreover, we published the results of the left hemisphere before (Wree et al., 1988) . For each of the brain regions, the CMRglc values of the four experimental groups were compared by one-way analysis of variance (ANOV A). The significance of the differences between group means was assessed by the Bonferroni test (Table O. A factor analysis including the CMRglc values of all brain regions was performed to study the correlations be tween the examined structures by clustering the variables into factors and to summarize the various areas and lay ers by a few factors. Based on these extracted factors, a discriminant analysis was performed to analyze differ ences between groups (Dixon, 1988) .
Image analysis of AChE-stained sections
To demonstrate the degree of lesioning and to identify possible regeneration, the AChE-stained sections of the hippocampus were analyzed with respect to two factors. First, stained sections were digitized using the same pro cedure as described for the autoradiographic analysis, and the optical density (OD) of the whole dorsal hippo campus was measured. Second, the TV camera was adapted to a light microscope, and defined anatomical regions were digitized in measuring fields (20 x 20 fLm) at high microscopic magnification (Planapo 63 x 1.25 oil immersion lens). The areal fraction of all AChE-positive structures was measured irrespective of the intensity of the reaction product in the fibers. This was achieved by setting a discrimination threshold in the image analyzer that allowed the detection of all AChE-positive fibers. Furthermore, the ODs of these areas were densitometri cally measured to acquire information about the AChE staining intensity of the individual AChE-positive struc tures.
RESULTS
Histological verification of MSDB lesions
The size and location of the ibotenic acid induced lesions were assessed by microscopic ex amination for necrosis, loss of neurons in MSDB, and presence of gliosis. There were a few neurons surviving the lesioning of MSDB ( Fig. O .
Verification of effect of MSDB lesions by AChE
staining of hippocampus Figure 2 shows the ODs of the entire dorsal hip pocampus of each animal and the mean for each group. As compared with controls 3 days after le sioning, a decrease of AChE intensity was found, whereas 21 and especially 90 days after lesion, the density increased again, indicating a clear tendency of recovery of the hippocampal cholinergic fibers and terminals. Although the mean density of the 
Sham-operated 3-day group 21-day group 90-day group (n = (n = 9) 10) (n = 12) (n = II) 66.9 ± 8.9
56.1 ± 6.5 6.55** 54.7 ± 6.7"" 7.70** 50.9 ± 6.0'''' 7.82** 47.5 ± 5.5fla 6.21** 45.9 ± 5.5"a 90-day group was stilI lower than in the control group, the staining intensity measured in some an imals was near or within the normal range, whereas others did not recover.
To determine whether this increase of total AChE staining intensity was caused by an increase of the OD of the single AChE-positive fibers, by an in- Vol. 12, No. 6, 1992 crease of the number of fibers, or by both parame ters, the AChE-stained areal fractions and the ODs of these areas were evaluated in five layers of the hippocampus, which all receive a cholinergic input from the MSDB: in the oriens and radiatum layers of CAl and CA3 and in the molecular layer of the external limb of the dentate gyrus. As an example, in Fig. 3 , the means of each animal for the radiatum layer of CA3 are plotted. The results in the other layers were nearly identical (not shown). In the con trol rats, the AChE-positive fibers covered a con siderably large area (high number of pixels in Fig. 3 ) and the individual fibers exhibited a high OD. Re gression analysis of OD versus number of pixels revealed only a small increase in OD with increas-ing fractional volume of fibers. Therefore, the postlesional change in areal fraction of AChE positive fibers reflects a sprouting phenomenon and not an increase in AChE content of single fibers.
Three days after lesion, the number of fibers was drastically reduced. Furthermore, the respective fi bers reacted weakly for AChE as seen by the low OD. After 21-day recovery from the lesion, the amount of fibers again increased in comparison with the 3-day group, the individual fibers also showing a stronger AChE reaction. The slope of both curves approximating the data, however, resembled that of the controls.
The slope of the curve calculated for the data of the 90-day group differed from all others. Ninety days after MSDB lesion, a considerable amount of fibers showed reaction for AChE equivalent to that in normal animals, whereas others reacting only weakly did not recover. Although individual fibers showed normal staining intensity of AChE, the areal fraction of AChE-positive structures always remained below normal level.
CMRglc of hippocampal formation
The absolute CMR g lc values were significantly higher in most of the hippocampal layers of the left hemisphere, as has already been described (Wree et aI., 1988) . As the changes of the CMR g lc were sim ilar in both hemispheres after MSDB lesions, only the results of the left hemisphere are presented (Ta ble I).
CMRg1c of unlesioned controls. The area-and layer-specific CMR g lc data of the sham-operated an imals were in line with previously published values (Sokoloff et al., 1977; Wree et aI., 1988) . In the hippocampal areas, the CMR g lc values significantly differed between neighboring layers (t test for matched pairs, a = 0.01). The only exceptions were the pyramidal and lucidum layers of CA3, which were not significantly different. High CMR g lc values were found in the layers of the ventral and dorsal subiculum, the parasubiculum, the molecular layer of the dentate gyrus, and the lacunosum-molecular layers of CAl, CA2, and CA3 (Table 1 ). In the Am mon's horn, the values of CMR g lc increased from the alveus to the lacunosum-molecular layer (Fig.  4) . Furthermore, the CMR g lc data for the layers in CA2 were higher than those for CA3, which again showed higher values than CAL The data of the external limb of the dentate gyrus were significantly higher than those of the internal limb. As no signif icant differences of CMR g lc values were found be tween the three sham-lesioned groups, the results of all nine animals were gathered to constitute one control group (Table 1) . CMRglc of MSDB-lesioned animals. The univari ate ANOV A was significant (a = 0.01) for most layers and regions of the hippocampal formation at the 1% level. Exceptions were the alveus of CA2, the presubiculum, and the entorhinal cortex, show ing significant differences at the 5% level only. Only for the alveus of CAl was no significant difference between groups found (Table O. CMRglc 3 days after lesions ( pared with control values, a significant decrease of CMR g lc was found in most layers of the hippocam pal formation (Bonferroni test, a = 0.05). Only the CMR g lc of the alveus in various CA sectors and the granular and multiform layers of the dentate gyrus did not differ significantly from controls. In the 3-day group, prominent decreases were observed in the layers of CA2, which peaked in the pyramidal and suprapyramidal layers, and in the layers of CA3, in the ventral and dorsal subiculum, and in the parasubiculum. The changes observed in CA l, CA4, and the dentate gyrus molecular layer were smaller but still significant. CMRglc 21 days after lesions ( Table /) . As com pared with the 3-day group, the glucose consump tion was increased in the 21-day group (Fig, 4) , For many structures the differences reached significant levels (Table 1) . Although most laminar values of the 2l -day group had the tendency to be lower than the data obtained in the controls, the difference did not reach the level of significance (a = 0.05),
CMRglc 90 days after lesions (Table 1) . The glu cose utilization found in the 90-day group did not differ significantly in any evaluated structure from those in the sham-operated rats. The layers of the dentate gyrus even tended to show positive differ ences compared with the control group, whereas most other layers of the Ammon horn exhibited slightly decreased values. The comparison of the 90-day group CMR g lc values with those of the 21day group revealed no significant difference in any structure, Significant increases of CMR g lc, how- ; o-f: CMRgle values (fLmol glucose/100 g/min) in [14C]2-deoxyglucose auto radiograms. Different CMR Ie ranges are plotted in different print modes according to the given scaling: control (c), 3 days (d), 21 days (e), and 90 days (f) after medial septum/diagonal band complex lesion. Abbreviations: 1-5, sector 1 of Ammon's horn: 1 alveus, 2 oriens layer, 3 pyramidal layer, 4 radiatum layer, 5 lacunosum-molecular layer; 6-11, sector 2 of Ammon's horn: 6 alveus, 7 oriens layer, 8 pyramidal layer, 9 suprapyramidal layer, 10 radiatum layer, 11 lacunosum-molecular layer; 12-17, sector 3 of Ammon's horn: 12 alveus, 13 oriens layer, 14 pyramidal layer, 151ucidum layer, 16 radiatum layer, 17 lacunosum-molecular layer; 18-23, dentate gyrus: 18 molecular layer of the external limb, 19 granular layer of the external limb, 20 multiform layer, 21 granular layer of the internal limb, 22 molecular layer of the internal limb, 23 sector 4 of Ammon's horn. ever, were observed between the 90-and the 3-day group (Table 1) .
CMRg\c of nonhippocampal structures
In most of the nonhippocampal areas examined, no significant CMRglc differences (ANOV A) were found between the four examined groups. The glu cose use of the lateral habenular nucleus, the pri-mary visual cortex, the dorsal and ventral nucleus of the lateral geniculate body, and the various lay ers of the superior colliculus did not differ between the lesioned animals and the sham-operated con trols (Table l) . Only the medial habenular nucleus exhibited values, that were reduced in the 3-day group in comparison with the controls and with the 90-day group.
Factor analysis of CMRglc data
A multivariate factor analysis (principal compo nent analysis) was performed to establish the pat tern of changes of the local glucose utilization after septal denervation, taking into account the results of all four examined groups and of all brain regions. Six factors could be extracted, which explained 94% of the total variance. The rotated factor load ings are given in Table 2 . They are the correlations of the variables with the factors. Conventionally, a structure will be associated with a factor if the fac tor loading is >0.5. As seen from Table 2 , all but one of the structures (dorsal nucleus of the lateral geniculate body) could be associated with at least one of the six factors. These results of the factor analysis indicate that following up subsequent sur vival times after MSDB lesion, the 38 examined structures could be classified into functionally dif ferent reacting groups. MSDB-innervated nuclei, layers, or areas are separated from noninnervated, for which factor V was extracted.
ANOV A and discriminant analysis
No significant differences between the laminar CMRgl c data of the control group and the 21-day and 90-day groups could be established using univariate statistics for the comparison of two groups. There fore, a multivariate discriminant analysis was per formed with the extracted factors to compare all groups simultaneously and to take into account the interrelationship between the variables. As factor VI represents only the medial habenular nucleus (Table 2) , the unchanged data of this structure were used instead of the factor data. Furthermore, the unchanged data of the dorsal nucleus of the lateral geniculate body entered the discriminant analysis because the nucleus was not classified with any of the six factors.
The results are given in Table 3 . The F statistics shown correspond to the result of a standard uni variate analysis of variance. These values indicate which group mean variables are closest together (low F values) and which are farthest apart (high F values). The highest values were observed for the factors II and III and the medial habenular nucleus.
The discriminant analysis was used as a multi variate test for group differences. Since even the factors showed correlation and differentiation in their contribution to the discrimination among groups, a subset of five variables was selected in a stepwise manner to maximize group differences.
The four groups are not homogeneous (multivariate one-way ANOV A, approximate F statistic = 4.325; df = 5, 34). The contribution of the chosen vari ables to the discrimination among groups (Table 3) was calculated from the coefficients of the discrim inant functions and their eigenvalues. This table also gives a list of the ranks of the variables accord ing to their relative weight.
The 3-day group was well separated from the other experimental groups; moreover, the 90-day group was significantly different from controls. The 21-day group did not differ significantly from con trols and the 90-day group (Table 4 ). The first and second canonical variables are the linear combina tions of the best and the next best at discriminating among the groups. With the help of the first two canonical variables (discriminant functions), a scat ter plot was established (Fig. 5 ). The distances be tween group means illustrate the degree of their dif ference; the dots for the individual animals demon strate the separation of groups by the discriminant analysis, which is incomplete only for the 21-day group. To assess how well the groups were sepa rated by the discriminant functions, we used the straight classification property of the discriminant analysis. Thus, 76.2% of the animals were correctly reclassified to their original experimental group by the discriminant functions. In addition to the num ber of correct and incorrect classifications, the re classification matrix (Table 5 ) demonstrates with which group the incorrect classifications were asso ciated.
DISCUSSION
The present study has shown two main results. First, the CMRglc values of most hippocampal lay ers were severely reduced 3 days after lesion of the MSDB but showed considerable recovery as soon as 21 days after lesion, tending to reach higher val ues at 90 days. According to the discriminant anal ysis, however, even in the group 90 days post le sion, the CMRglc did not reach normal control val ues. Second, parallel processing of sections for AChE histochemistry revealed severe destruction of AChE-positive fibers in the hippocampus at 3 days after lesion and a conspicuous recovery in the amount of stainable fibers and their staining inten sity at 21 days post lesion. In the 90-day group, the AChE fibers recovered even further, but did not reach the values of unlesioned sham-operated con trols.
Canonical variable
AChE histochemistry
The present results on the AChE histochemistry in the hippocampus expand former studies (Gage et al., 1983; Dravid and Van Deusen, 1984; Gage and Bjorklund, 1986; Blaker et al., 1988) in which hip pocampal ChAT and AChE enzyme activities were examined after incomplete transections of the fim bria. The authors considered that the observed re covery was an example of homotypic regeneration in the mature CNS, showing that the small intrinsic ChAT -positive cells do not sprout after septal de nervation (Blaker et al., 1988; Frotscher, 1988) . The cholinergic sprouting originates from the cholin- The animals of the original expeirmental groups (rows) are associated with fictitious mathematical groups (columns) by the classification functions. ergic neurons of the MS and from the large midline ChAT-labeled cells of the hippocampus (Gage et aI., 1983; Blaker et aI., 1988) .
It is known that after septal lesions, nerve growth factor (NGF) accumulates in the hippocampus (Col lins and Crutcher, 1985; Gasser et aI., 1986; Kor sching et aI., 1986; Weskamp et aI., 1986) . Besides promoting the growth of catecholamine-containing sympathetic fibers of the superior cervical ganglion into the hippocampal region (Loy et aI., 1980; Crutcher and Chandler, 1985; Crutcher, 1987; Crutcher and Marfurt, 1988) , NGF most probablY provokes homotypic collateral sprouting of spared cholinergic projecting neurons in the hippocampus (Kromer, 1987; Gage et aI., 1988; Montero and Hefti, 1988) . Unlike cholinergic septal neurons, NGF was not found to affect GABAergic septohip pocampal neurons (Blaker et aI., 1988) .
In the present study, however, we could demon strate quantitatively that both the number of AChE positive structures per measured area and the stain ing intensity of the fibers increased from 3 to 21 and 90 days after MSDB lesion. The increasing number of AChE-positive structures from the 3-day group to the 90-day group supports the theory of compen satory collateral sprouting from unlesioned septal afferents (Gage et aI., 1983; Dravid and Van Deusen, 1984; Gage and Bjorklund, 1986) . By ho motypic sprouting, the outgrowing axonal arbors covered an increasing area, the increase being time related. The increase in staining intensity of indi vidual fibers might be caused for different reasons. A loss of transmitter-associated enzyme staining was reported not to be an absolute indicator of death of cholinergic neurons (Lams et aI., 1988) . Therefore, the cholinergic activity of some MSDB neurons was possibly depressed early after lesion and recovered after long survival times. Further more, it can be speculated that a sprouting axon supplying a larger number of terminals accumulated a higher amount of transmitter-related enzymes, re sulting in increased staining of individual fibers par allel to the enlargement of the AChE-positive areal fraction.
Glucose utilization
The [ 14 C ]2DG analysis has shown that functional activity was significantly decreased in most hippo campal regions and layers 3 days after MSDB le sion, paralleling the remarkable loss of AChE stain ing. From lesions of the perforant path, it is known that 4 days post surgery, the maximum of microglial proliferation is reached, and at days 4-5, the first signs of reactive growth and synaptogenesis are seen (for review see Nieto-Sampedro and Cotman, J Cereb Blood Flow Metab. Vol. 12, No. 6, 1992 . Therefore, we propose that the decreases in glucose use at the third day after lesion reflect mainly changes of synaptic and neuronal activity and to a much lesser extent relate to processes of tissue repair or regeneration, which would increase the glucose metabolism. Shorter intervals than 3 days between lesion and CMR g lc measurement ap peared inappropriate, because the CMR g lc values could have been depressed nonspecifically as a con sequence of the surgical procedure.
The results of the acute lesioned group (3 days) do not correlate directly with the distribution of ter minal fields of the cholinergic septohippocampal pathway, which makes most of its synaptic contacts in a laminar fashion above and below the pyramidal and granular cell layers of Ammon's horn and the dentate gyrus, respectively. Even the outer radia tum and lacunosum-molecular layers of the Am mon's horn, which receive only a sparse input from the MSDB, exhibited more decreased CMR g lc val ues than the oriens layer of Ammon's horn and the molecular and multiform layers of the dentate gy rus, which are known to receive a prominent cholin ergic input from the MSDB, Several reasons might be responsible for this incongruity. First, only parts of an anatomical hippocampal layer receive a dense cholinergic input (e.g., the inner one-third of the oriens layer of CA or of the molecular layer of DG). Because of the resolution of the [ 14 C]2DG method, however, only complete layers were measured. Second, cholinergic terminals are detectable in ev ery neuropil-rich structure of the hippocampal re gion to various extents and do not show the same strict topographic distributions as terminals of con tralateral hippocampal fibers or fibers from the en torhinal cortex. Third, it is unclear where the non cholinergic, most probably GABAergic, input of the septohippocampal pathway terminates exactly. In anterograde labeling studies with Phaseolus vul garis, two distinct types of axons were discovered in the septohippocampal pathway (Nyakas et aI., 1987; Freund and Antal, 1988) . The terminals of type II fibers, representing the cholinergic part of the septohippocampal system, were found in the proximal dendritic regions of pyramidal and granule cells and less frequently in the stratum lacunosum moleculare of CAl and CA3. Type I fiber terminals, proven to contain GABA (Freund and Antal, 1988) , were found in all layers, but predominantly in the oriens and radiatum layers of CA3 and in the hilus and granule cell layer of the dentate gyrus. Type I fiber terminals terminate mainly on interneurons of the hippocampus and the dentate gyrus. Thus, ev ery hippocampal layer receives a cholinergic and / or GABAergic septal input. Lesions of the MSDB con· sequently result in decreased synaptic activity of every hippocampal area and layer.
The muscarinic receptors, which can be classified into M1 and M2 subtypes, appear in high densities in the hippocampus of the rat. High densities of M1 receptors were found in CAl and the dentate gyrus and lower densities in CA2 and CA3 (Cortes and Palacios, 1986; Zilles, 1988) . Considering this dis tribution, the most pronounced decreases of CMR g lc values in CA2 and CA3 after MSDB lesions are surprising. Our data correlate roughly with the dis tribution of M2 receptors, which are known to rep resent the majority of preterminal binding sites. The highest densities of M2 binding sites are found in the pyramidal and lucidum layers of CA2 and the lowest ones in the dentate gyrus. Presynaptic M2 receptors, however, are localized on cholinergic terminals as well as on glutamate-containing fibers originating from the entorhinal cortex (Monaghan et aI., 1982; Marchi et aI., 1989 ) and on serotoninergic fibers in the hippocampus (Marchi et al., 1986) . Thus, the release of acetylcholine could affect the neuronal activity of various excitatory fiber sys tems and consequently the glucose utilization.
From electrophysiological data, it is known that the septohippocampal pathway acts in a modula tory, facilitative, and most probably disinhibitory way on hippocampal pyramidal and granule neu rons (Ben-Ari et al., 198 1; Benardo and Prince, 1982; Haas, 1982; Cole and Nicoll, 1984) . The sep tohippocampal pathway is a fiber system that con tributes to the regulation of activity in the whole hippocampal formation. Stimulation of the septo hippocampal pathway normally does not generate a field potential but enhances the population spike of a paired impulse of the perforant path (Fan tie and Goddard, 1982; Krnjevic et al., 1988) . In view of this modulatory function, it is understandable that the glucose use was not decreased in single layers by a specific amount but in the whole hippocampal formation to roughly the same extent.
Our CMR g lc data are tentatively corroborated by 2DG studies after pretreatment with scopolamine (Weinberger et aI., 1979; Dam and London, 1984; Piercey et aI., 1987) , a muscarinic antagonist. Sum marized, scopolamine led to a decrease of CMR g lc in the Ammon's horn, pre-and postsubiculum, and, to a smaller extent, the dentate gyrus. As infusions of nicotine did not alter the metabolic activity in the Ammon's horn and the dentate gyrus (Grunwald et aI., 1987; London et aI., 1988) , the present results support the theory of a muscarinic action of the septohippocampal pathway.
The CMR g lc values of the primary visual cortex (OCl ) and the medial habenular nucleus, both re-ceiving an input from the MSDB (Gottesfeld and Jacobowitz, 1979; Bigl et aI., 1982; Conte stabile and Fonnum, 1983; Rye et aI., 1984) , were decreased to 83 and 80% of control levels, respectively. The fiber input to the visual cortex is most probably cholin ergic, whereas acetylcholine and/or GABA are con troversially discussed as transmitters to the medial habenular nucleus (Gottesfeld and Jacobowitz, 1979; Contestabile and Fonnum, 1983) . Other areas, such as the lateral habenular nucleus, the lateral geniculate body, and the layers of the superior col liculus, however, did not exhibit significantly re duced values 3 days post MSDB lesion. Interest ingly, the lateral habenular nucleus was not affected with regard to glutamic acid decarboxylase and ChAT activities by MSDB lesions (Contestabile and Fonnum, 1983) . It seems that only regions receiving a fiber input from the MSDB showed significantly decreased CMR g lc values subsequent to our MSDB lesions.
The glucose use of the hippocampal layers was increased 21 and 90 days after MSDB lesion com pared with the 3-day group. The CMR g lc values of the 21-and 90-day groups, however, did not signif icantly differ from controls as tested by univariate statistics. Our observations expand upon the re ports of Kelly et al. (1985) , who performed fimbria/ fornix lesions, and of Davis (1984, 1985) , who lesioned the medial septal nucleus elec trolytically. Kelly et ai. (1985) found that 6 months after unilateral fimbria/fornix transections, the met abolic activity in the dorsal hippocampus was still decreased to 60% (Ammon's horn) and 70% (den tate gyrus) of control values. In their experiments, the CMR g lc values could be increased to normal val ues only by transplanting of embryonic septal grafts. As Kelly et ai. also destroyed parts of the cingulate cortex as well as the serotoninergic and noradrenergic afferents originating from the brain stem and fibers from the contralateral hippocampus when cutting the fimbria and the fornix, their results point out the effects of the destruction of multiple afferent systems. Furthermore, in their study, the hippocampal region showed retrograde degenera tion (Swanson and Cowan, 1979; Alonso and Kohler, 1984) . This complicates even more the in terpretation of CMR g lc changes. Therefore, the data of Kelly et al. (1985) should not be directly com pared with those from our specific MSDB lesions. Davis (1984, 1985) observed a de pressed eH]2DG incorporation in a study 3 h after electrolytic lesions of the medial septal nucleus in the terminal fields of the septohippocampal projec tion (Harrell and Davis, 1985) and an increased hip pocampal eH]2DG incorporation 1 week after me-dial septal lesions. After 3-week survival, the level was suppressed, and by 3 months, the eH]2DG in corporation had returned to control values (Harrell and Davis, 1984) . These results are not directly comparable with our observations, because their group used the eH]2DG technique in combination with silver grain counts, which does not allow un equivocal interindividual comparison of animals or groups of animals, and a strict quantification could hardly be achieved. Generally, a maximal concentration of neuro trophic factors and sprouting and reactive synapto genesis were found 4-20 days after CNS injury (Ni eto-Sampedro and Cotman, 1985) . Twelve days af ter lesion of the septohippocampal projection, sprouting of sympathetic axons into the hippocam pal formation was reported (Loy et al., 1980) , con tinuing for a considerable time. Sprouting and in growth of sympathetic terminals, together with the regeneration of reversibly damaged MSDB neurons and the compensatory collateral sprouting of un damaged cholinergic axon terminals, could give morphological substrates and reasonable explana tions for the regeneration of the metabolic activity at 21 and 90 days post lesion. Moreover, the clearly recovered, although not normal, CMR g lc values 90 days after lesion suggest that the sprouting axons constituted functionally active synaptic contacts.
Factor analysis
The highest factor loadings for factor II were found for all layers (except the alveus) of sectors CA2, CA3, and CA4 and the pyramidal layer of CAl . This factor II had the highest F value in an ANOV A to discriminate between groups (Table 3) , indicating that these layers were mostly affected by septal lesions. The dendritic layers of these sectors receive the densest septal innervation of all exam ined structures. As the pyramidal layers were de creased by nearly the same amount as the layers with dense synaptic contacts with the lesioned in put, the theory of an input-output link made by combined electrophysiological stimulation and 2DG studies is supported (The urich et al., 1984) .
All layers of the dentate gyrus and the lacuno sum-molecular layer of CAl had their highest load ing scores for factor III. The F value (ANOV A) of this factor for discriminating between groups was significant, but lower than for factor II. Three days post lesioning, the CMR g lc was less, not signifi cantly decreased in the layers of the dentate gyrus; after 90 days, an increase of CMR g lc was observed, contrary to all other structures of the hippocampal formation. Sympathetic fibers are normally con fined to extracerebral arteries. Following medial J Cereb Blood Flow Metab, Vol. 12, No. 6, 1992 septal lesion, sympathetic fibers appear only within the dentate gyrus and to a lesser extent within CA4 and CA3 (Crutcher, 1987) . Therefore, the dentate gyrus reacted differently from the cornu ammonis after septal lesions.
The lacunosum-moleculare layers of all sectors exhibited high loading scores for factors I, II, and III, which rendered it difficult to classify them to one single factor. These layers receive an input from the entorhinal cortex, from the MSDB, and from pyramidal cells of neighboring sectors (Schaf fer's collaterals). These heterogeneous afferents, even of structures that were themselves deafferen tated, were probably the reason for the high scores for three factors.
Factor IV mainly represented the alveus of CAl , CA2, and CA3, the oriens layers of CAl and CA2, and the radiatum layer of CA 1. The alveus is a fiber system with only a few synaptic contacts to den drites of the hippocampal formation. The septal in nervation of CA 1 is lower than the innervation of CA3. This may be the reason why the oriens and radiatum layers of CAl were associated with factor IV in the factor analysis.
The highest factor loadings for factor I were ob served for the subiculum, para-and presubiculum, and the entorhinal cortex. These archicortical and periarchicortical structures receive a cholinergic in put from the MSDB. In part, the CMR g lc is de creased more in these structures than in the cornu ammonis and the dentate gyrus. The primary visual cortex (OC 1) was also associated with this factor. OC 1 is innervated by the substantia innominata and, in particular, by the HDB (Bigl et al., 1982) , which was lesioned by our ibotenic acid injections.
The only structure that had a high score for factor VI was the medial habenular nucleus. The projec tion from MSDB to the medial habenular nucleus is well known (Gottesfeld and Jacobowitz, 1979; Con testabile and Fonnum, 1983) . Our factor analysis implicates that this innervation is functionally dif ferent from the innervation of archicortical struc tures.
The lateral habenular nucleus, the ventral nu cleus of the lateral geniculate body, and the layers of the superior colliculus (CS1 -CS3) had high load ing scores for factor V. These structures and the dorsal nucleus of lateral geniculate body, for which no loading of a factor >0.5 was found, receive no innervation from the MSDB.
With certain restrictions, the extracted factors are anatomically and functionally explicable, indi cating that the cornu ammonis (sectors CA2 and CA3), the dentate gyrus, periarchicortical struc tures, and the medial habenular nucleus, which all receive a septal innervation, react differently after septal denervation and that they can be distin guished from structures that are not innervated by the MSDB.
Discriminant analysis
Although the CMR g lc values were in a normal range 21 and 90 days after MSDB lesions compared with control values (univariate statistics), it was proved by using a discriminant analysis that there were significant differences of metabolic activity in the hippocampal formation among controls and the 90-day group. Only one animal of the control group was incorrectly classified to the 90-day group and one animal of the 90-day group incorrectly to the control group (Table 5 ). This observation, and the still decreased AChE staining of the dorsal hippo campus in the 90-day group compared with con trols, provide substantial support for the hypothesis that collateral and sympathohippocampal sprouting could not restore the normal functional activity af ter partial deafferentation. Our results corroborate experiments in which rats demonstrated impair ments 4-6 months after fimbria/fornix transections in spatial learning and working memory (Harrell et al., 1987; Nilsson et al., 1987) . The present results provide a further indication that partial structural recovery in the CNS occurs in parallel with partial recovery of function .
